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WearBecause of the problemofﬁlmpeeling, it is generally difﬁcult to obtain thick andwell adherent diamond-like car-
bon (DLC) coatings on metallic substrates with good tribological properties. In this work, we propose to apply a
plasma immersion ion implantation and deposition (PIII&D) process inmagnetic bottle conﬁguration using high
voltage glow discharge in order to deposit DLC ﬁlms directly over 304 stainless steel (SS) alloy. In such conﬁgu-
ration, two couples of coils wound outside the vacuum chamber are used to produce region of lowmagnetic ﬁeld
for plasma conﬁnement (~60 G at the center axis). DLC coatings are characterized by Raman spectroscopy, scan-
ning electronmicroscopy (SEM) and alsomorphologically bymeans of atomic forcemicroscopy (AFM). Tribolog-
ical behavior is investigated using a pin-on-disk tribometer, and after that, the scars are evaluated by means of
SEM and Wyko NT1100 optical proﬁler. PIII&D experiments in crossed ﬁelds have been demonstrated to be an
effective system to synthesize DLC ﬁlms with good adhesion, excellent resistance against wear as well as good
dry lubricant surfaces.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Whether in a harsh environmental or not, the surface of amaterial is
the regionmostly affected bymany forms of deterioration like corrosion
and wear [1]. In this context, DLC has been intensively studied as a pro-
tective coating due to its excellent resistance againstwear and corrosion
[2–7]. Because of their interesting properties such as high hardness, low
roughness, and very low friction coefﬁcient, these ﬁlms are promising in
many industrial applications [8].
DLC ﬁlms can be synthesized directly on metallic substrates via
PIII&D process due to the formation of a graded transition layer
between substrate and ﬁlm. An implantation stage prior to the deposi-
tion of the ﬁlm is required for this purpose [9,10]. Silicon layers are
usually deposited at the metal-ﬁlm interface when using conventional
techniques such as Chemical Vapor Deposition (CVD) [11]. Moreover,
carbonitriding processes have been performedwith the aim to improve
the adhesion of the ﬁlm on steel [12]. PIII (plasma immersion ion
implantation), a non-line-of-sight implantation technique for surface
modiﬁcation of materials, has also been successfully used to improve
corrosion resistance as well as mechanical and tribological properties
of three-dimensional metallic surface [13–15].ace Research, INPE/CTE/LAP,
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ghts reserved.In recent years, new methods that effectively increase deposition
rates under the effect of magnetic ﬁeld have been incorporated into
conventional systems for producing DLC, comprising: pulsed laser
deposition (PLD) [16]; magnetically enhanced plasma chemical vapor
deposition (MEPCVD) [17] and magnetron plasma enhanced chemical
vapor deposition (PECVD) [18]. An effective way to achieve high depo-
sition rates, and thereby shorter treatment times, is to generate plasmas
with higher densities, and the magnetic ﬁeld is highly efﬁcient for this
purpose. Numerical simulation studies show that high plasma densities
can be obtained in PIII processes using the magnetic bottle conﬁgura-
tion. In this geometry, the application of an external magnetic ﬁeld
coupled with the pulsed electric ﬁeld results in crossed ExB ﬁelds that
enhance plasma conﬁnement [19–22].
In the current paper, the results of tests obtained in different DLC
ﬁlms, which were grown from distinct deposition processes, were
evaluated in order to compare them: i) conventional PIII&D and ii)
PIII&D in crossed ﬁelds at low and high pressures, respectively.
The effects of the magnetic ﬁeld on properties of the DLC coatings
that were analyzed in terms of morphology, adhesion and wear resis-
tance were also investigated.
2. Materials and methods
The experiments were carried out in the PIII system located in
Associated Laboratory of Plasma at INPE. The basic PIII systemwas previ-
ously explained therein [23]. In summary, the system consists of an
arrangement of two couples of coils wound externally to the cylindrical
Fig. 1. Current implantation shape in conventional PIII&D (without magnetic ﬁeld) and in
PIII&D in crossed ﬁelds.
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Themagnetic ﬁeld intensity is controlled bymeans of a DC power supply
connected to the coils. When operating the power supply to the desired
voltage, the magnetic ﬁeld with correct conﬁguration is obtained. The
chamber is made of stainless steel and has 20 l (260 mm diameter and
380 mm length). Detailed information about this experimental setup
can be seen in thework of Pillaca et al. [22]. SS 304 disks (15.0mmdiam-
eter and2.0mmthickness),mechanically polished to amirror-likeﬁnish,
were identiﬁed in the back, cleaned ultrasonically in an isopropyl alcohol
bath for 15 min and dried in a nitrogen atmosphere. Polishing was
performed using Labopol Struers® with diamond paste of 3.0 μm and
1.0 μm and ethanol as a lubricant.
The clean specimens were ﬁxed in an SS 304 sample holder and
connected directly to a feedthrough which is pulsed to a high negative
voltage. A base pressure of about 6.6 mPa was achieved after roughly
three hours of pumping using mechanical and diffusion pumps. An
argon plasma glow discharge 5 kV/40 μs/300 Hz/15 min was used
before treatment to remove impurities and oxides of the surface of the
substrates. DLC coatings were deposited following two steps, mixing
implantation and deposition [9,10]. Firstly, carbon from methane
(99.99% purity) was implanted during 10 min and then acetylene
(99.7% purity) was used for 5 min to grow the ﬁlm.
PIII&D was run as soon as the H.V. pulses were applied to the sample
holder. The experimental conditions (Case 1, Case 2, Case 3 and Case 4) are
shown in Table 1. In those pressure ranges (0.79 Pa as low pressure and
2.6Paashighpressure) itwaseasier to reach thebreakdownof thedischarge.
The characteristic voltage and current wave-forms were recorded
using a digital oscilloscope Tektroniks TDS360 for further analysis. A
signiﬁcant increase of the total current measured by a Rogowski coil
was observed when magnetic ﬁeld was applied (Fig. 1). Then, the
pulse width was changed in order to avoid the occurrence of exponen-
tially growing arcs in the substrate [21]. In Case 4 (PIII&D in crossed
ﬁelds at 2.6 Pa), presumably the number of collisions of electron-gas
was adequate to sustain the plasma during the whole treatment. As a
result, PIII&D run only with H.V. pulses and the magnetic ﬁeld on.
The chemical structure of DLC coatings was identiﬁed by a Raman
scattering spectroscopy (Renishaw 2000 system). The measurements
were made in air at room temperature, with Ar+ laser (λ=514.5 nm).
The laser power on the sample was about 0.6 mW. The system was cal-
ibrated with respect to the diamond peak in 1332 cm−1. The spectra
were ﬁtted using two Gaussian functions, and the decomposition of
Raman signals was obtained using Fityk 0.9.7 e SciDavis 0.2.4 software.
The hydrogen content in the ﬁlms was estimated based on the method-
ology proposed by Casiraghi et al. [24].
The micrographs were obtained by a scanning electron microscopy
(SEM) using JEOL equipment (JSM-S310) in the secondary electron
mode in order to observe changes in the microstructure, homogeneity
and the presence of defects in the coatings.
The samples were morphologically characterized by AFM using
VEECO® equipment (MultiMode 5). The scanning on the specimen sur-
face was carried out in the tapping operating mode using a tip of silicon
(Si) doped with antimony (Sb). The scan area was of 2 μm × 2 μm.Table 1
Experimental conditions of PIII deposition process of DLC.
Experiment Gas Time (min) Glow discharge po
Case 1: PIII&D at 0.79 Pa CH4
C2H2
30
60
105
38
Case 2: PIII&D at 0.79 Pa CH4
C2H2
30
60
72
79
Case 3: PIII&D at 2.6 Pa CH4
C2H2
20
20
58
35
Case 4: PIII&D at 2.6 Pa CH4
C2H2
20
20
–
–
The blank cells refer to the elements of the system that were not used in respective treatmentScratching tests of DLC ﬁlmswere performed using a diamond stylus
(Rockwell C 120°) with a 200 μm radius diamond tip in order to verify
the critical load and evaluate the adherence between the ﬁlm and
the substrate. All the measurements were carried out by using a
UMT-CETR tribometer equipped with an acoustic emission detector.
The normal load was applied linearly and increased up to 15 N at a
speed of 10 mm/s, 51 s and 5 mm of scratch length.
Measurements of friction coefﬁcients were performed in a CSM-
Instruments pin-on-disk tribometer. The tests were accomplished
with 3-mm-diameter alumina ball, 1.0 N of applied load, 5.0 cm/s of
linear speed, 5.0 Hz of acquisition rate, 100 m of sliding distance,
and 6.0 mm of wear scar diameter. Then, worn-out surfaces were
examined by means of SEM and a Wyko NT1100 optical proﬁler. Disk
volume loss and wear rate were calculated according to the equations
in ASTM G99 [25].3. Results and discussion
Typical Raman spectra of DLC ﬁlms have a broad peak in 1580 cm−1
(G band) and 1360 cm−1 (D band) in visible excitation [24] and are
shown in Fig. 2. The ﬁtting results of Raman spectrum are summarized
in Table 2.
The as-deposited DLC ﬁlms in this work possess typical parameters
deﬁned by the second stage of amorphization trajectory shown by
Casiraghi et al. [24]. Ensinger [10] points out that the hydrogen content
between 15 at.% and 22 at.% is generally obtained for DLC ﬁlms
produced by PIII process. Hydrogen contents of up to 20% listed in
Table 2 were in agreement with such information.
As it can be seen from Table 2, with an increase in the working pres-
sure, the RamanG-peak and D-peak decreased to the lower wavelengthwer (W) Icoils (A) Filament voltage (V) Pulse parameters
(kV/μs/Hz)
–
–
15
16
10/40/300
5/40/300
7.5
8.0
15
16
10/20/500
5/20/500
–
–
15
15
10/20/500
5/20/500
5.0
7.3
–
–
10/20/500
5/20/500
.
Fig. 2. Typical spectra of DLC ﬁlms deposited in crossed ﬁelds at 2.6 Pa.
a)
30 µm
b)
30 µm
Fig. 3. SEMmicrographs of DLC ﬁlms deposited at low pressure: a) in conventional PIII&D
(experiment A), and b) in crossed ﬁelds (experiment B). DLC particle formedduring depo-
sition with magnetic ﬁeld is shown in detail at the bottom. The sample is tilted at 60°.
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an increase in the FWHMvalue in comparison with those ﬁlms deposit-
ed at lower working pressures. The ID/IG ratio decreased without
magnetic ﬁeld (Case 3), but exhibited a slightly increase to 1.5 when
magnetic ﬁeld is applied (Case 4). Hence it is deduced that magnetic
ﬁeld affected the ordering of DLC ﬁlms, since their Raman spectra
suggest a smaller fraction of sp3 bonds when magnetic ﬁeld is applied
at high working pressures.
As can be seen in the SEM image of Fig. 3a, a homogeneous ﬁlm was
deposited on the surface of a sample of Case 1 (conventional PIII&D at
0.79 Pa). The presence of micropores in the pristine alloy (SEM not
shown) contributed to give rise to defects also viewed after treatment
throughout the ﬁlm surface. The great porosity of the batch of untreated
samples used in this work affected the deposition stage, hence, the
presence of pores on the alloy surface can be viewed even after its
coating. On the other hand, the ﬁlms produced in Case 2 (PIII&D in
crossed ﬁelds at 0.79 Pa) showed very heterogeneous regions. These
defects, as observed in Fig. 3b, are probably due to the tearing of the
ﬁlm in a region that had been coated or even in regions where the
defects had not been covered by the ﬁlm. Cluster like islands of DLC
are present on the top surface of these ﬁlms, as can be seen in more
detail in the insert of Fig. 3b. Probably, such clusters are due to the
irregular deposition. Despite of the presence of defects like holes and
clusters, smooth regions on DLC surface are predominant. At 0.79 Pa
the deposition rate increased from 4 nm/min (Case 1) to 9 nm/min
(Case 2). This way, with the presence of the magnetic ﬁeld a ﬁlm layer
with 0.5 μm thick was attained after 1 h.
Coatings deposited under the conditions of Case 4 (PIII&D in crossed
ﬁelds at 2.6 Pa), with the application of the magnetic ﬁeld, presented a
homogeneous surface and similar morphology to the ﬁrst one. In
Fig. 4a and b micropores from the substrate and also scratches arising
from the polishing stage can be observed.
The ﬁlm morphology and its roughness were also analyzed by AFM.
The uncoated samples presented average roughness (Ra) around
2.3 nm. The ﬁlms deposited on the surface of the treated samples keptTable 2
Summarized Raman spectrum results of DLC ﬁlms according to the application of magnetic ﬁe
Experiment D band position
(cm−1)
FWHM D (cm−1)
Case 1 1383.2 319.2
Case 2 1383.5 319.7
Case 3 1364.1 317.8
Case 4 1380.0 340.6the same topography of the substrate, with the presence of the grooves
caused by the polishing of the surface of the substrate. DLC coatings
exhibited smooth surfaces with roughness lower than 2 nm. From
Fig. 5a, it can be seen that the ﬁlm is corrugated and has a structure of
parallel wrinkles. In contrast, with the application of the magnetic
ﬁeld during deposition, the coatings became smoother (Fig. 5b) and
the roughness slightly decreased from 1.58 (Case 3) to 1.09 nm
(Case 4). This noticeable difference on the structure of the ﬁlm can be
also explained by the raise in deposition rates. At 2.6 Pa there was a
twofold increase of the deposition rate for Case 4 (27 nm/min) againstld. The error represents the standard deviation of ﬁve distinct regions in each sample.
G band position
(cm−1)
FWHM G
(cm−1)
ID/IG H (%)
1557.4 162.3 1.2 19.1 ± 1.1
1558.9 159.0 1.3 19.3 ± 1.1
1544.1 171.2 0.9 20.8 ± 0.6
1553.8 157.3 1.5 18.7 ± 0.7
a)
b)
7 µm
7 µm
Fig. 4. SEM micrographs of DLC ﬁlms at high pressure: a) in coventional PIII&D (Case 3)
and b) in crossed ﬁelds (Case 4).
DLC (Case 3)
Ra=1.58nm
a)
b)
DLC(Case 4)
Ra=1.09 nm
Fig. 5. Topography and roughness value of DLC ﬁlms deposited in a) Case 3 (con
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covering the same area, thus, ﬁlling up the irregularities present on the
surface of the alloy. Coatings of 0.5 μmwere deposited in 20 min only.
Critical load values for DLC ﬁlms were determined from scratching
tests for the experiments performed at high working pressures. The
critical load was veriﬁed at the point where the ﬁrst crack occurred in
the ﬁlm. Those points corresponded to a signiﬁcant increase in friction
coefﬁcient accompanied by changes in acoustic emission during the test.
Samples of Case 3 (conventional PIII&D at 2.6 Pa) and Case 4 (PIII&D
in crossed ﬁelds at 2.6 Pa) exhibited critical loads of 0.46 and 4.9 N,
respectively. It means that the application of the magnetic ﬁeld during
the deposition process improved signiﬁcantly the adhesion between
the ﬁlm and the substrate, as indicated in Fig. 6a and b.
The friction proﬁle curves obtained for DLC ﬁlms during pin-on-disk
tests are gathered in Fig. 7. All the coatings deposited with the applica-
tion of a magnetic ﬁeld in the Case 2 (PIII&D in crossed ﬁelds at 0.79 Pa)
and Case 4 (PIII&D in crossed ﬁelds at 2.6 Pa) showed quite similar
friction proﬁles. These values stayed between 0.06 and 0.08. The ﬁlm
deposited in the Case 3 (conventional PIII&D at 2.6 Pa) exhibited a
higher friction coefﬁcient which suddenly increased at about 65 m of
sliding distance. Meanwhile for the DLC ﬁlm produced in the Case 1
(conventional PIII&D at 0.79 Pa) the friction coefﬁcientwas around 0.23.
Concerning wear resistance, the DLC ﬁlms produced in Case 1
protected the substrate, keeping its integrity even after the tests.
Heterogeneous ﬁlms synthesized under the effect of the magnetic
ﬁeld at lower pressure (Case 2) showed some regions more prone to
breaking and ﬂaking during the tribological test.
Despite the differences obtained in the curves of friction, all DLC
ﬁlms produced in this work showed good wear resistance, in particular,
highlighting specially the deposition processes in which the magnetic
ﬁeld was applied. Wear rates calculated for ﬁlms of Case 2 and Case 4ventional PIII&D at 2.6 Pa) and b) Case 4 (PIII&D in crossed ﬁelds at 2.6 Pa).
4.9 N
3.4 N0.46 N
a)
b)
Fig. 6. Track of scratching test and critical load values for DLC deposited a) without mag-
netic ﬁeld (Case 3) with applied load of 5 N, b) and in crossed ﬁelds at 2.6 Pa (Case 4)
with applied load of 15 N.
Fig. 7. Friction coefﬁcients of DLC ﬁlms.
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tively, while uncoated substrate showed 4.3 × 10−5 mm3/N·m.
4. Conclusions
Enhanced PIII&D for DLC coatingswas attained bymeans of ExBﬁelds.
The magnetic mirror geometry set by the magnetic ﬁeld conﬁguration
allows the better conﬁnement of the plasma. With the application of
the magnetic ﬁeld, the discharge becomes more stable and it was
observed that deposition rate signiﬁcantly increased.
Good tribological properties were measured in DLC ﬁlms deposited
under the effect of themagnetic ﬁeld. DLC ﬁlmswith homogeneousmi-
crostructure and extremely smooth coatings were deposited at high
working pressures of about 2.6 Pa. In such conditions, a thicker coating
than the one attained without the presence of the magnetic ﬁeld was
achieved in 20 min only.
In addition, DLCﬁlms produced under the application of themagnetic
ﬁeld exhibited a lubricant behaviorwith low friction coefﬁcient and highreduction of the wear rate. Therefore, a magnetically enhanced PIII&D
process allowed synthesizing DLC ﬁlms with lower friction coefﬁcient
and roughness, and higher critical loads and lower wear rates than
those provided by the conventional PIII&D method. These features are
promising for many applications with parts in contact as dry lubricants.Acknowledgment
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